The reagent rotational excitation effect on the stereodynamics of H+LiF→HF+Li is calculated by means of the quasi-classical trajectory method on the Aguado-Paniagua2-potential energy surface (AP2-PES) constructed by Aguado et al. [J. Chem. Phys. 106, 1013]. The angular distributions of vector correlations between products and reactants, P (θ r ) and P (φ r ) are presented. Meanwhile, the four polarization-dependent generalized differential cross sections are computed. The results indicate that the reagent rotational quantum numbers have impact on the vector properties of the title reaction. In addition, the reaction probability has been calculated as well.
I. INTRODUCTION
During the past decades, numerous of experimental and theoretical studies for the H+LiF→HF+Li reaction have been reported [1−7] and the reaction has been a prototype of the heavy-heavy-light (HHL) system. Furthermore, the LiHF system has a rather deep van der Waals well in the entrance channel, which causes the long-lived collision complexes and narrow scattering resonances in the energy-dependent reaction probabilities [8] . In the experimental aspects, for example, Loesch et al. have reported the crossed molecular beam studies on the Li+HF reaction [9, 10] . Hobel et al. have detected the double differential cross sections at different collision energies [11] . Theoretical studies like the exact quantum probabilities for Li+HF and its isotopic variants have been reported by Laganà [12] . In 2012, Li et al. have presented the reagent vibration effect for the reaction [13] .
Aguado et al. constructed a potential energy surface of LiHF system based on 570 MRDCI ab initio energy points and carried out wave packet calculations [14] . Later they carried out the fitting of the energy points under the same circumstance [15] . Meanwhile, the three-dimensional time-dependent quantum method was used to investigate the dynamics of the LiHF system [15] . To the best of our knowledge, investigations of experimental and theoretical aspects for its reverse reaction H+LiF→HF+Li have been seldom presented except that Weck et al. performed quantum scattering * Author to whom correspondence should be addressed. E-mail: shi − ying@jlu.edu.cn calculations for zero total angular momentum of vibrational excitation effect of the title reaction [8] , due to the lack of experimental results with metastable hydrogen atom sources in crossed beams experiments.
In term of the theoretical calculation methods, the ab initio calculation has been used to compute the potential energy surface. By means of the ab initio calculation, Li et al. have carried out the double manybody expansion potential energy surface of NH 3 and NH 2 molecule [16, 17] . Varandas has calculated the ab initio potential energy surface of the O+OH reaction [18] . In addition, the quasi-classical trajectory (QCT) method [19−21] has also been widely adopted in the stereodynamics field to calculate a great deal of chemical reactions particularly for the atom-molecule [22−24] , the ion-molecule [25−27] , and the polyatomic molecules [28−30] reactions which have achieved a great success. Recently, it has been developed by Han and coworkers to propagate trajectories and obtain the stereodynamical quantities with simultaneous treatment [31, 32] .
In our present work, in order to gain more dynamical information, we have studied the stereodynamics of the title reaction by using a developed QCT method. Meanwhile, the reagent rotational excitation effect on the vector properties of the reaction is performed and discussed as well.
II. THEORETICAL METHODOLOGY

A. PES and the QCT calculations
The Aguado-Paniagua2-potential energy surface (AP2-PES) given by Aguado et al. [15] is employed in the present work. The AP2-PES has a relatively deep well in its entrance channel and a nonlinear transition state shifted into the exit channel. The Hamilton's classical equations were integrated numerically in three dimensions. The QCT method [19−21, 33, 34] was also developed. In this work, the collision energy for the title reaction is chosen to be 5.0 kcal/mol. The trajectories are initially installed at an H-LiF internuclear separation of 10Å, the vibrational and rotational quantum numbers of reactant molecules are taken to be v=0 and j=0−6, respectively. Batches of 5×10 4 trajectories are run for each rotational level and the integration step size of 0.1 fs is used to ensure the conservation of total angular momentum and total energy.
B. Rotational alignment parameter and PDDCSs
In this work, the centre-of-mass (CM) frame is chosen and shown in Fig.1 . The z-axis is parallel to the reagent initial relative velocity vector k, while the yaxis is perpendicular to the x-z scattering plane which contains the initial and final relative velocity vectors k and k . θ t is the angle between k and k which is called the scattering angle. θ r is the angle between k and the rotational angular momentum vector j , and φ r is the dihedral angle of the k-k -j correlation. The two angles also refer to the polar angle and the azimuth angle of the vector j , respectively. All of these angles can be derived from the QCT stereodynamical calculations.
The angular distribution function P (θ r ) which describes the k-j correlation can be expanded via the Legendre polynomials, the P (φ r ) describing the k-k -j correlation can be expanded in Fourier series, and the joint probability density function P (θ r , φ r ) can be written as the following [35−41] :
while k=2 indicates the product rotational alignment
FIG. 1 Centre-of-mass coordinate system used to describe the k, k , and j correlations.
The value of the polarization parameter is evaluated as follows:
In our calculations, the P (θ r , φ r ) is expanded up to k=7, which is sufficient for good convergence. Details on the dynamical information of P (θ r ), P (φ r ), and P (θ r , φ r ) are discussed later. The full three-dimensional angular distribution associated with k-k -j correlation can be represented by a set of PDDCSs in the CM frame. The fully correlated CM angular distribution is written as [42−45] :
The 1 σ dσ kq± dω t is the polarization-dependent generalized differential cross section (PDDCS), and the angular brackets represent an average over all the reactive trajectories. The PDDCS with q=0 is given by 1 σ
Many photon-initiated bimolecular reaction experiments will be sensitive to only those polarization moments with k=0 and 2. In this work, the four PDDCSs, (2π/σ)(dσ 00 /dω t ), (2π/σ)(dσ 20 dω t ), (2π/σ)(dσ 22 + /dω t ), and (2π/σ)(dσ 22 − /dω t ) are calculated.
III. RESULTS AND DISCUSSION
In our calculations, we plot all the vector correlation functions and the PDDCSs in three dimensions. Figure 2 illustrates the product angular distributions P (θ r ) describing the k-j correlation. The peaks are situated at θ r =90
• and also symmetric with respect to θ r =90
• at all calculated rotational levels, which reveal that the product rotational angular momentum vector j is strongly aligned along the direction perpendicular to the direction of the reagent relative velocity k. Furthermore, the values of the peaks become lower and broader as the rotational level increases, indicating that influence of the product alignment becomes weaker at high rotational levels. The result can be reflected via the rotational alignment parameter P 2 (cos θ r ) depicted in Fig.3 . We can obtain that with increasing of the rotational level, the negative values of the P 2 (cos θ r ) become smaller which indicates a weaker alignment as well. Figure 4 demonstrates the dihedral angle distributions P (φ r ) which represent the k-k -j correlation. From inside to the outside, the corresponding rotational state is j=0, j=3, and j=6, respectively. The incremental direction of φ r moves clockwise. It shows that the distributions of P (φ r ) are asymmetric with φ r =180
• at all the rotational states which indicates a strong polar- ization of the angular momentum. The two major peaks are at φ r =90
• and φ r =270
• . Obviously, the peaks at φ r =270
• are far stronger than the peaks at φ r =90
• , which reflects that j is not only aligned along the y axis but also oriented along the negative direction of the yaxis in the CM frame. This appearance of the result can be explained by the impulse model [37] about the A+BC→AB+C reaction [46−48] . The product angular momentum vector j is given by
where L is the reagent orbital angular momentum, r AB and r CB are unit vectors. µ BC is the reduced mass of molecule BC and R is the repulsive energy. The term J 1 plays a vital role in the product rotational orientation. The L sin 2 β + j cos 2 β is symmetric, while for the effect of R, the term J 1 m A /m B shows a prioritized direction which leads to the left-handed HF product rotation in plane parallel to the k-k scattering plane.
In order to obtain more stereodynamical information on the effect of rotational quantum numbers and have a better observation of the product angular momentum polarization which reflects the k-k -j correlation, the distributions of P (θ r , φ r ) are depicted in Fig.5 . In this work, we only show the distributions at rotational quantum numbers j=0, j=3, and j=6. The two peaks at (90
• ) are in good agreement with the distributions of P (θ r ) and P (φ r ) mentioned above. Meanwhile, the plot of the distributions indicates that the HF products are preferentially polarized perpendicular to the scattering plane and the reaction is dominated by in-plane mechanisms [49] .
The PDDCSs describing the k-k -j correlation and the scattering direction of the HF product molecule have been displayed in Fig.6 . In our present work, the four PDDCSs, (2π/σ)(dσ 00 /dω t ), (2π/σ)(dσ 20 dω t ), (2π/σ)(dσ 22 + dω t ), and (2π/σ)(dσ 22 − dω t ) are com- puted at all rotational levels from j=0 to j=5. The PDDCS (2π/σ)(dσ 00 dω t ) which only describes the k-k correlation or the scattering direction of the product is a simple differential cross section and has no ties to the orientation and alignment of the product rotational angular momentum vector j . As shown in Fig.6(a) , with increasing of the rotational quantum numbers, the forward scattering of product HF becomes weaker while the backward scattering turns stronger. The PDDCS (2π/σ)(dσ 20 /dω t ) which shows an opposite trend to the PDDCS (2π/σ)(dσ 00 /dω t ) is the expectation value of the second Legendre moment drawn in Fig.6(b) . Clearly, the values of PDDCS (2π/σ)(dσ 20 /dω t ) are negative which is probably associated with the alignment moment P 2 (cos θ r ) .
The PDDCSs with q =0 are shown in Fig.6 (c) and (d). In some manners, the distributions of the PDDCSs with q =0 are necessarily zero at the extremely forward and backward scattering. Figure 6 (c) illustrates the distributions of PDDCS (2π/σ)(dσ 22 + /dω t ).
We can obtain that the values of the distributions are negative at all scattering angles which correspond to the product rotational alignment that shows a preference along the y-axis. There are two stronger polarizations ranging from 35
• −40
• and 136
• , respectively. In addition, it also reflects that the product angular momentum distribution is anisotropic. The PDDCS (2π/σ)(dσ 21 − /dω t ) reflects the product rotational angular momentum vector j is along the direction of vector x−z or x+z. Figure 6 (d) displays a strong negative peaks ranging from 21
• to 26
• which indicates the rotational alignment of the HF products is along the x+z direction. Moreover, the distributions of (2π/σ)(dσ 21 − /dω t ) are all in such small values which implie that the product angular momentum distribution is isotropic.
In order to obtain more about the title reaction, the rotational excitation effect of its scalar properties is computed as well. Table I displays the reaction probability as a function of the impact parameter with the rotational quantum numbers ranging from j=0 to j=6. Generally speaking, the values of the reaction probability are small and change little at all rotational levels and impact parameters which means that the reaction probability doesn't strongly depend on the rotational levels. The similar phenomenon has also been observed in reactions like H+O 2 [50−52] , O+H 2 [53] and other reactions [54, 55] which may attribute to the deep well on the potential energy surface in this type of reactions.
IV. CONCLUSION
Investigations on the stereodynamics of the H+LiF→HF+Li reaction have been performed by the QCT method on the AP2-PES at rotational levels from j=0 to j=6. The collision energy for the title reaction is taken to be 5.0 kcal/mol. We have studied the angular distributions of P (θ r ) and P (φ r ). The distributions of P (θ r ) reveals a strong product rotational alignment and the distribution P (φ r ) shows a asymmetric behavior to the scattering plane and exhibits two peaks at φ r =90
• and peaks at φ r =270
• are stronger than those at φ r =90
• which can be explained by the implosive model which implies that j is not only aligned but also oriented along the negative direction of the y-axis. In addition, we have calculated the four PDDCSs. The PDDCS (2π/σ)(dσ 00 /dω t ) shows a weakly forward scattering and strongly backward scattering of the product HF with the increase of the rotational states. The PDDCS (2π/σ)(dσ 20 /dω t ) indicates that j is strongly aligned the direction perpendicular to k. The PDDCS (2π/σ)(dσ 22 + /dω t ) reveals that the product angular momentum distribution is anisotropic while the PDDCS (2π/σ)(dσ 21 − /dω t ) reflects its isotropy. Finally, the reaction probability indicates that the influence of the deep well on the potential energy surface to the initial rotational states of the reagent molecule can't also be ignored. 
